The unusual aromatic stability of cyclic bicalicene has been suggested to come from a tetraionic structure, where positive and negative charges are located on the cyclopropene and cyclopentadiene rings, respectively. Energetic, magnetic, geometric and electron delocalization analysis performed on a series of bicalicene derivatives, incorporating different electron donating and withdrawing groups, and electrically perturbed bicalicene structures provide additional proof of the role played by this tetraionic structure in the aromatic stability of bicalicene. In this work the aromatic stabilization is chemically and electrically tuned, enhancing or disrupting the electron delocalization and aromatic stability of the cyclopropene and cyclopentadiene rings by increasing or decreasing their corresponding charges. It is shown how the electron delocalization within these rings is similar to that of cyclopropene cation and cyclopentadiene anion for a perfect polarization of one electron.
Introduction
Cyclic bicalicene represents an anomalous case of a planar 16p system stabilized by aromaticity.
1 Several experimental and theoretical proofs of its aromatic stabilization [2] [3] [4] [5] [6] [7] [8] and also that of other calicene systems [9] [10] [11] have been reported since its first synthesis in 1982. 1 Thus, cyclic bicalicene displays a planar geometry with non-alternant carbon-carbon bonds (D 2h symmetry), significant stability at room temperature and absence of upfield chemical shifts in its 1 H-NMR spectrum. 2 A few theoretical studies have been carried out in order to characterize the aromaticity of this compound as well as to identify the origin of such. Thus, the global aromatic character of bicalicene, confirmed by measures of homodesmotic reaction energies, 8 topological and bond resonance energies [5] [6] [7] and ring current maps, 8 was ascribed to the cyclopropene and cyclopentadiene rings. The aromaticity arisen from these rings would overcome the antiaromatic character of the peripheral 16p and internal 8p rings. In order to become aromatic, the cyclopropene and cyclopentadiene rings in bicalicene would adopt positive and negative charges, respectively, approaching their behaviour to the 2p cyclopropene cation and 6p cyclopentadiene anion aromatic rings (see Scheme 1). The role played by the tetraionic form of Scheme 1 can be definitely revealed by analysing the changes exerted by different electron donating and electron withdrawing groups (EDGs and EWGs) as well as external electric perturbations on the global and local aromaticity of bicalicene. Thus, EDGs and EWGs will exert an opposite effect on the ring electron charges that must be reflected on the electron delocalization and aromatic stability. As long as the aromaticity of bicalicene has its origin in this tetraionic form, the changes experienced by the ring electron delocalization and aromatic stability must be ruled by the orientation of these groups. Additionally, the ring electron charge can be also 'modulated' by means of external electric perturbations. Thus, electric perturbations that enhance the polarization represented by Scheme 1 must reinforce also the electron delocalization within the cyclopropene and cyclopentadiene rings and the aromaticity of bicalicene. On the contrary, electric perturbations which tend to reverse this polarization must reflect just the opposite. In this work we show these arguments are indeed correct, demonstrating the tetraionic structure of Scheme 1 is the origin of the aromatic stabilization of bicalicene through local aromatic rings of cyclopropene and cyclopentadiene.
Computational details
All the geometries and wavefunction calculations were performed at the HF/6-311G(d,p) level since multicenter delocalization indices can be calculated exactly only at HF level. 12 Differences between, for instance, HF and DFT(B3LYP) ring currents were found to be negligible, 8 which indicates electron correlation plays a minor role in the aromaticity of bicalicene. However, we have reoptimized the structures using the B3LYP level and compared the energetic parameters obtained with the HF ones. Multicenter indices and ring charges were calculated using the Mulliken atomic partitioning scheme through home-made Fortran codes. The density matrices required for the calculation of these magnitudes were obtained from Gaussian 09 program. 13 The program GaussView 5.0 14 was employed for visualization of the electron deformation orbitals and associated electron densities, which were previously calculated with a home-made program. The reader is referred to ref. 12, 15-19 and 20 for a full description and theoretical backgrounds of multicenter delocalization indices and electron deformation orbitals, respectively. In this work, we have employed the renormalized version of multicenter delocalization indices defined in ref. 16 . For the case of 3-center and 5-center delocalization indices (3-DI and 5-DI) using Mulliken atomic partition, they adopt the following forms;
ðPSÞ mn ðPSÞ nl ðPSÞ lm (1)
ðPSÞ mn ðPSÞ nl ðPSÞ ls ðPSÞ sd ðPSÞ dm (2) where A, B, C,. . . are atomic labels, P i is a permutation operator, which includes all the possible permutations of these atomic labels in eqn (1) and (2), PS represents the product matrix of the density, P, and overlap, S, matrices, and m, n, l,. . . are atomic basis functions. In order to compare with aromaticity indices based on different criteria, we have also calculated the HOMA index (Harmonic Oscillator Model of Aromaticity), 21 the NICS index (Nucleus Independent Chemical Shift) 22 and the FLU index (Aromatic Fluctuation). 23 In particular, we have employed here the zz component of the magnetic shielding tensor calculated 1 Å over the ring center, NICS zz (1), and also the p component of this index, NICS p zz (1), after classification of molecular orbitals (MOs) in s and p symmetry. The orbital decomposition of the magnetic shielding tensor was performed with the help of the NBO program package. 24 These indices were characterized as the best NICS indicators of aromaticity in planar polycyclic compounds with a hydrocarbonated frame. 25 For the calculation of the HOMA indices we have employed the following expression,
where n represents de number of bonds forming the ring, a is constant adjusted to give HOMA = 0 for a model nonaromatic Table 1 Electrostatic and deformation components of the energy differences given in Fig. 1 ring and HOMA = 1 for a ring with all bonds equal to and optimal value R opt . R i is the bond distance of the i bond. In this work we have obtained a(81.03) and R opt (1.387 Å) from the calculated values of the C-C bond distances in ethane and ethene following the procedure described in ref. 21 .
For the FLU index, we have opted for the p version (FLU p ), which does not require of a reference system and is the best choice for p aromatic compounds where the s-p partitioning of molecular orbitals is possible. FLU p is obtained from the following expression,
where 
Results and discussion
The structures considered for this work comprise different derivatives and electrically perturbed bicalicene systems which are collected in Fig. 1 . All the optimized structures are planar and the atomic Cartesian coordinates obtained at the HF and B3LYP levels are included in the ESI † (Tables S1 and S2). As EDGs and EWGs, for the bicalicene derivatives, we have considered three groups with positive resonance effects (+R) and negative inductive effects (ÀI), -OH, -OCH 3 and -F, two groups with negative resonance effects (ÀR), -CN and -CHO, a group with negative resonance effects (ÀR) and negative inductive effects (ÀI), -NO 2 , and two groups with positive inductive effects (+I), -CH 3 and -Li. Overall, -OH, -OCH 3 , -CH 3 and -Li, are EDGs whereas -CN, -CHO, -NO 2 and -F are EWGs. We have incorporated these groups and some combinations of them either into the cyclopropene or the cyclopentadiene rings, so that forming different positional isomers. The energies of these isomers have been compared and the corresponding isomerization energies calculated and collected in Fig. 1 . As one can see, the most stable isomers are those incorporating EDGs and EWGs in the cyclopropene and cyclopentadiene rings, respectively. This result confirms the stability of the different isomers is controlled by the orientation of the groups. The B3LYP isomerization energies reflect exactly the same trend, the comparison with the HF ones ( Fig. 2) indicate that electron correlation does not change the relative stability of the isomers but also reflect a slight overestimation of the isomerization energy by HF. On the other hand, the effect of different external electric perturbations on the energetic stability of bicalicene is also shown in Fig. 1 . The electric perturbations comprise positive and negative point charges placed outside and inside of the rings (structures 21-24) and external quadrupole electric fields (structures 25, 26) . In all cases when the perturbation tends to concentrate positive and negative charges on the cyclopropene and cyclopentadiene rings, respectively, the stability increases significantly with respect to those that tend to polarize the charge in the opposite direction. Both HF and B3LYP energy differences reflect this trend with a small overestimation for the HF case (see Fig. 2 ). However, the total energy differences given in Fig. 1 depend on two terms (eqn (5)) ;
the difference in the electrostatic interaction between the external electric field and the charge distribution in the polarized molecule (DE elec ); and the change in the intramolecular deformation energy (DE def ). The first term is purely electrostatic and depends on the electron and nuclear charge distribution and the strength of the external electric perturbation, whereas the second one accounts for the energetic cost of polarizing the ground state electron density against the internal electron-nuclei forces. ). In this pair the electric perturbation is located at the center of the rings, producing the most 'symmetric' polarization of the p charge within the rings, i.e., all the carbon atoms within a given ring increases or decreases its p charge depending on the external field orientation. On the contrary, in the structures 21, 22, 25 and 26, the electric perturbation produce opposite changes in the p charge of carbon atoms located in the same ring, even though the change of the total p ring charge follows the expected trend. In these structures the largest charge accumulation/depletion takes place at the most external atom of the ring, which is the nearest atom to the electric perturbation. These differences in the atomic charge polarization are wellreflected in the molecular electrostatic potentials (MEPs) of these structures relative to unperturbed bicalicene (0) (Fig. 3) . The plots shown in Fig. 3 for the structures 21-26 represent the difference in the MEP of each structure minus the MEP in 0, so that the changes introduced by the electric perturbation can be appreciated more clearly. Thus, Fig. 3 reflects perfectly the positive and negative MEP over the cyclopropene and cyclopentadiene rings in 0 and the reinforcement of this picture in structures 21, 23 and 25 and the reverse trend followed by structures 22, 24 and 26. In addition, the symmetric changes in the ring charge polarization in the pair 23-24 and the asymmetric changes in the pairs 21-22 and 25-26 are also noticeable in the plots of Fig. 3 . This 'asymmetric' polarization is not fully in agreement with Scheme 1 and could be in part the cause of the smaller energy differences displayed by the pairs 21-22 and 25-26 with respect to 23-24. This claim is reinforced by the fact that the p ring charges (3-Q p and 5-Q p data in Table 2 ) experience changes with respect to bicalicene larger in these pairs than in pair 23-24, so that the relative stability is not only related to the magnitude of the total ring charge but also to the distribution of this charge along the atoms of the rings. Unfortunately, the information provided by the MEP in bicalicene derivatives in the cyclopropene and cyclopentadiene regions is contaminated by the part of the electrostatic potential associated to the nuclei and electron charges of the substituent groups. Since this contribution to the MEP is quite different among the groups, a relation between electron donating and electron withdrawing effects and MEPs cannot be unequivocally established. Calculation of 3-center and 5-center delocalization indices, 3-DI and 5-DI, allows determining the effect of the charge polarization on the electron delocalization within the cyclopropene and cyclopentadiene rings (Table 2) correlation between both magnitudes have been found for all the derivatives and electrically perturbed bicalicenes (Fig. 4) . Only slight deviations from the fitting have been found for the rings containing the groups -OH, -OCH 3 , and -F. This may be due to the fact that these groups exert both inductive and resonance effects with opposite result, whereas -CN, -CHO, -CH 3 and -Li only exert significant resonance effects in the former two and inductive in the latter two. In the case of -NO 2 , which also displays resonance and inductive effects, they do not counteract each other since both are negative and the resonance is expected to be clearly dominant. It must be remarked that isolated rings of cyclopropene cation and cyclopentadiene anion perfectly fit in the correlations shown in Fig. 4 . This definitely reflects that polarization approaches the electron delocalization of the cyclopropene and cyclopentadiene rings in bicalicene to that of isolated cyclopropene cation and cyclopentadiene anion rings enhancing their aromaticity.
On the other hand, using total delocalization indices, 3-DI and 5-DI, the correlation with the charges disappear for the cyclopropene ring even at qualitative level due to the large s 3-center electron delocalization within this ring (see differences between 3-DI and 3-DI p data in Table 2 ). As will be discussed later, the large sigma electron delocalization within the cyclopropene ring is also reflected in the magnetic response. A good correlation with the ring charges is also found for the FLU p index (Fig. 4) , with the exception of the points mentioned above. The FLU p for these points, and for the isolated cyclopropene cation and cyclopentadiene anion, reflect a larger deviation with respect to the fitting line than the multicenter indices. In Table 3 which includes s orbitals, is largely negative for cyclopropene but less than cyclopentadiene, reflecting an important contribution of the s orbitals to the total NICS value, which can be related to a significant s ring current. This is in agreement with the large s electron delocalization reflected by the 3-DI values. It must be clarified that the s part of the 3-DI is a negative value, but the sign of the multicenter delocalization index derives from topological factors 27, 28 and is not related with possible antiaromatic character. Antiaromatic structures display almost null multicenter electron delocalization 12 and the index is then not able to distinguish a priori between antiaromatic and nonaromatic systems. Origin of the differences between multicenter electron delocalization measurements and magnetic criteria of aromaticity has been extensively analysed and explained in the literature. [29] [30] [31] [32] [33] The fact that multicenter indices reflect a larger aromaticity for the cyclopropene rings may be related to the nature of the renormalization employed and introduced in ref. 16 . This renormalization does not warrant the comparison between multicenter indices of different order and just allows putting the indices in a more or less similar scale. We have finally identified the main occupied and virtual p molecular orbitals involved in the p charge transfer between cyclopropene and cyclopentadiene rings. These molecular orbitals and the electron transfer associated to the combination of them were analysed with the help of the electron deformation orbitals (EDOs) induced by the electric perturbations. As can be seen in Fig. 6 , the combinations HOMO -LUMO+2, HOMOÀ1 -LUMO+1, HOMOÀ2 -LUMO+5 and HOMOÀ3 -LUMO are the main responsible for the p electron transfer. The interesting picture reported by the deformation orbitals is that the electron density associated to the EDOs has almost identical shape in all the structures, despite depending on the orientation of the electric perturbation a net electron transfer occurs from the cyclopropene to the cyclopentadiene rings (structures 23 and 25) or in the opposite direction (structures 24 and 26). This reflects the orbital interactions upon the perturbation are identical even for opposite electric fields, so that the changes in the p electron delocalization are just originated in the electron transfer between rings and cannot be related to any fundamental difference in the molecular orbital nature or occupied-virtual orbital mixing.
Conclusions
In this work it has been shown how the aromatic stabilization of bicalicene can be tuned by addition of EDGs and EWGs to the cyclopropene and cyclopentadiene rings or applying external electric perturbations. A clear link between local aromaticity of these rings and the number of p electrons is established and the role played by tetraionic forms definitely revealed for these compounds. Energetic, geometric, electron delocalization and magnetic criteria investigated in this work support the conclusions recently obtained from rings current calculations. In addition, it is demonstrated that the local aromaticity of cyclopropene and cyclopentadiene rings in bicalicene is similar to that of cyclopropene cation and cyclopentadiene anion rings, reaching the same electron delocalization when the number of p electrons approaches 2 and 6, respectively. The results presented here may be interesting for synthetic purposes using polycalicene structures since it is shown how the aromatic stabilization in these systems is easily controlled electrically or by addition of different functional groups.
